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Influence of growth and microstructure of ellectrodeposited cadmium 
telluride films on the properties of n-CdS/p-CdTe thin-film solar cells 
S K Dasa) and G C Morris 
D.&aknent of Chemkt~, University of Queensland, Brisbane, Australia 4072 
(Received 13 January 1992; accepted for publication 22 July 1992) 
Thin-film n-CdS/p-CdTe solar cells have been fabricated from electrodeposited CdS and CdTe 
layers. Cells made with crystalline CdTe films were 9.0%-l 1.5% efficiencies whereas those with 
CdTe of structural imperfection gave up to 6.8% efficiency. Cell efficiencies varied with growth 
conditions of CdTe depositions. Scanning electron micrographs and x-ray diffraction patterns 
showed that the CdTe deposits of relatively good cells had less grain boundaries and better 
crystallinity than less efficient cells. Capacitance measurements showed that the cells made with 
CdTe of structural imperfection had large number of interface states relative to those with 
crystalline CdTe films. - 
I. INTRODUCTION 
During the last several years there has been a tremen- 
dous effort in several laboratories for the production of 
cadmium telluride material in the form of single crystal 
and thin film for several uses in optoelectronic devices. 
This material is very significant for photovoltaic devices 
because of its optimal band gap of 1.45 eV. Solar cell grade 
thin film can be prepared by different techni ues, 2% viz. screen printing, ’ close-spaced vapor transport, vacuum 
evaporation,5-9 electrodeposition, lo-l5 spray pyrolysis . 16,17 
etc. The electrodeposition may offer a suitable low-cost 
deposition technique’s which can produce thin-film solar 
cells over 10% efficiency. 
In our laboratory we have prepared CdTe films by 
electrodeposition technique. Sets of cells were made with 
CdTe films deposited at a range of quasi-rest potentials 
(QRP) from solutions in which the concentrations of cad- 
mium and of tellurium ions were systematically varied. 
The electrodeposition process is suitable because of its sev- 
eral advantages, such as (a) the method is very simple and 
the same bath solution can be used for the production of 
several films, (b) the material wastage is minimal because 
the films can be deposited on to the desired area of the 
substrates, and (c) the method provides the films of repro- 
ducible quality because all the deposition parameters can 
easily be controlled. The growth of the film was dependent 
on the several deposition parameters like cadmium and 
tellurium concentrations, quasi-rest potential of the de- 
posit, temperature, stirring rate, etc. 
The cathodic electrodeposition of CdTe films from 
aqueous electrolytes were first carried out by Panicker, 
Knaster and Kroger13 who demonstrated that uniform 
films with controlled stoichiometry could be obtained us- 
ing the simple electrodeposition technique. They described 
the effect of rest potential and the temperature of the bath 
solution on the properties of the film. 
Prior to CdTe deposition CdS film was deposited on to 
IT0 coated glass substrate which was purchased from 
Hoya Corporation, Japan. The experimental data showed 
that the solar cell parameters were highly dependent on the 
“‘Author to whom all correspondence should be made. 
structural quality of the CdTe deposit which in turn is 
dependent on the mechanism of the growth.” Here the 
stirring rate (30 rpm) and the temperature (90 “C!) were 
maintained constant for all CdTe depositions of this work. 
For all the CdS/CdTe cells of this work CdS films were 
deposited at the same condition. So it was assumed that the 
quality of the CdS films were not altered appreciably. The 
close nature of those CdS films were confirmed by analyz- 
ing XPS, XRD, SEM, and optical properties. Therefore the 
variation of solar cell properties were solely dependent on 
the quality of CdTe films grown at different conditions. 
II. EXPERMENT 
A. Cleaning of the substrates 
The substrate material (ITO, 10 WCI) on sodalime 
glass was cleaned by acetone (AR), methanol (AR), and 
isopropanol (AR) successively in ultrasonic bath for fif- 
teen minutes in each solution and then cleaned in isopro- 
panol vapor degreaser for about three hours. 
5. CdS deposition 
CdS deposition solution was made with CdCl,*H,O 
(AR, Ajax chemicals) dissolved in Milli-Q water ( 18 MR) 
to make the solution as 0.2 M Cd2+. The solution was kept 
at 90 “C! and stirred. The cadmium deposition potential was 
measured by a small platinum wire as the cathode. The 
bath solution was electropurified for 12 h at 5 mV more 
positive potential than measured cadmium potential. So- 
dium thiosulphate (AR, Ajax chemicals) was added to the 
purified solution to make it 0.01 M 5&O:-. The pH was 
adjusted to 2.5 by adding HCl (AR, BDH chemicals). 
The cleaned ITO/glass was kept at hot (90 “C) Milli-Q 
water for about 15 min. and then immediately transfer to 
the CdS bath solution. CdS deposition potential was 40 mV 
more positive than measured cadmium potential, generally 
-620 mV with respect to the saturated calomel electrode. 
The counter electrode was a spectroscropic grade carbon 
rod placed inside a glass tube with a frit to avoid carbon 
particles floating inside the solution. In about 2 h 80-100 
nm thick film with yellowish in color was deposited. 
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C. CdTe deposition 
CdTe films having area about 12 cm2 were cathodically 
deposited on to freshly prepared CdS film using a stirred 
and 90 “C heated deposition solution made up from 
3CdS0,. 8HsO (AR, Ajax chemicals), and HTeO.$. The 
CdTe depositions were carried out in different solutions 
having different cadmium and tellurium concentrations 
and at different quasi-rest potentials” of the deposits. The 
bath solutions before pushing Te were electropurified at 10 
mV more positive potential than measured cadmium po- 
tential for about 12 h. The pH was adjusted to 2.0 by 
adding H,S04 (AR, BDH chemicals). The HTeO$ con- 
centration in each solution was measured by a computer- 
controlled atomic absorption spectrometer (Varian 
SpectrAA300). CdTe films having about 1.7 micron thick 
were deposited in about 1.5-3 h depending upon the 
growth conditions of the deposits using three electrode sys- 
tem which include saturated calomel electrode as reference 
electrode and split anode (tellurium and carbon) system. 
The tellurium electrode was acted as both calomel elec- 
trode and the source of HTeO,f in the solution. The con- 
centration of HTeOzf ions was kept constant by adjusting 
the current split through the anode system. 
D. Thicknesses, XRD, SEM, and optical measurements 
Thicknesses of the films (CdS and CdTe) were mea- 
sured by a Stylus Instrument (Tencor). X-ray diffraction 
patterns were obtained by a Philips PW 1050/25 diffrac- 
tometer with CuKa radiation. Scanning electron micro- 
graphs were taken with a JEOL 890F Field emmision mi- 
croscope. Optical transmission spectra were taken with a 
Varian spectrophotometer DMS 90. 
E. Completion of n-$dS/p-CdTe cell 
After deposition of CdTe films on to CdS/ITO/glass 
substrates, the films were dried by nitrogen gas flow and 
then immediately kept inside the vacuum (lo-’ Torr) for 
about 8-10 h. The films were annealed in air at 400 “C for 
15 min to form n-CdS/p-CdTe (Refs. 10 and 21) hetero- 
junction. As-deposited CdTe films were n-type and after 
heating in air at 400 “C the CdTe films became p-type.” 
After annealing of CdS/CdTe/ITO/glass structure ITO/ 
CdS contact was remained ohmic and the resistance of IT0 
remained 10 n/O. Previously we had observed that the 
surface of the annealed (in air) CdTe changed to an 
oxygen-rich layer, probably CdTe03.22 After cooling down 
to room temperature the films were etched for 2 s with 
( 1: 1) saturated potassium dichromate/concentrated sul- 
phuric acid solution followed by a 15 min. hydrazine hy- 
drate treatment. Surface of thus etched CdTe film was cad- 
mium defficientz3 which was suitable to form low specific 
contact resistance (2-4 $2 cm2) with p-CdTe film. Hydra- 
zine hydrate treatment removed the residual cadmium ox- 
ide layer from the surface. The films once again cleaned 
with Mini-Q water and dried with nitrogen gas flow and 
immediately transfer to the vacuum chamber for copper 
and gold depositions. Several cells having 2 mm diam were 
made after deposition of 2 nm of Cu and 100 nm of Au. 
The areas of the cells were accurately measured under op- 
tical microscope. Silver paste was applied to the gold and 
IT0 layer to obtain mechanical strength. 
F. Electrical and capacitance measurements 
Current-voltage measurements were obtained by a 
computer controlled system with a 300 W Oriel Solar Sim- 
ulator to produce 1000 W me2 AM1 radiation tested by a 
Si cell which was calibrated at the Solar Energy Research 
Institute (SERI), U.S.A. 
Capacitance measurements were done at different bias 
and variable frequency ranging from 10 Hz to 2X lo5 Hz 
in the dark and also with light bias up to 35 mW cm-’ 
using a Princeton Applied Research lock-in amplifier 
(Model 124A) and a Universal programmer (Model 175). 
III. RESULTS AND DlSCUSSlONS 
A. Efficiency dispersion 
The electrical characteristics of the cells were obtained 
by using the basic diode equation 
J=Jo{exp[q(U--iR,)/AkT]--I), (1) 
where Jo is the reverse saturation current, q the electronic 
charge, R, the series resistance, A the diode factor, k the 
Boltzmann constant, and T the temperature. 
The efficiency of the cell is defined as the ratio of the 
electrical power out and the light power in where output 
power was the product of open-circuit voltage (V,,,), 
short-circuit current (J,,), and fill factor (FF). 
Figures 1 (a)-1 (c) shows the variation of efficiencies of 
the cells as a function of HTeO$ concentrations and QRPs 
of the CdTe deposits. Each data point is the average data of 
60 cells. The low or high values of QRP with certain Cd2+ 
and HTeO$ concentrations limited the possibilities of 
good adhesion of CdTe films on to CdS/ITO/glass sub- 
strates. At high HTe02f concentration (depending on the 
Cd2+ concentration of the solution) and high QRP values 
or low HTeOz concentration and low QRP values far be- 
yond the limit (two ends of all graphs of Fig. 1) CdTe 
films were not good adherent on CdS surface and pilled off 
during deposition. Also films deposited at little further 
away of the limit of HTeO$ concentrations and QRP val- 
ues showed good adherence, but when they were annealed 
at 400 “C! for 15 min (as a part of the cell fabrication) 
developed pinholes, presumably due to tellurium or cad- 
mium in the deposits. 
Figures 1 (a), 1 (b), and 1 (c) show the efficiencies of 
the cells of which CdTe deposits were prepared from dif- 
ferent bath solutions having 0.5M Cd’+, 1.5M Cd2+, and 
2.5M Cd2+ respectively. Figure 1 (a) clearly shows that 
CdTe deposited at 50 mV QRP with 30 ppm of Te con- 
centration produced better efficient cell than those with 
other combinations of QRP values and Te concentrations 
from 0.5M Cd2+ bath solution. Similarly 50 mV QRP/60 
ppm Te Fig. 1 (b)] and 20 mV QRP/116 ppm Te [Fig. 
1 (c)] were relatively the best growth conditions separately 
with 1.5M Cd’+ and 2.5M Cd2+ bath solutions respec- 
tively. 
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B. Optical properties and compositional analysis C. Morphology 
Plots of square of absorption coefficient versus wave- 
length gave the band gap of both CdS or CdTe films. As- 
deposited CdS films had band gap of 2.50 eV and when it 
was annealed at 400 “C for 15 min. the band gap was re- 
duced to 2.43 eV.18 This reduction of band gap upon heat- 
ing was also indicated by other workers.24 When CdTe iilm 
was finely scratched off from annealed (400 “C/15 min.) 
CdTe/CdS/ITO/glass structure the yellow CdS film was 
appeared. That CdS film also gave almost same band gap 
(2.44 eV) as annealed only CdS film. This reduction of 
band gap upon heating is possibly due to the improved 
crystallinity of the CdS film. 
All the annealed CdTe films deposited in different con- 
ditions (within the limit of QRP values/Te concentrations 
as in Fig. 1) mentioned earlier showed the band gap of 1.45 
eV. 
The x-ray photoelectron spectroscopy (XPS) showed 
that the films deposited at 5 mV to 100 mV QRP’s had 
similar stoichiometry to single crystal CdTe to the accu- 
racy permitted by XPS (about 10%). The secondary ion 
mass spectrometry (SIMS) had previously”726 shown that 
CdTe film as described had fewer impurities than single 
crystal purchased as 99.999% pure. Therefore the varia- 
tion of the cell efficiency at different deposition condition 
were not directly related to the impurities or optical prop- 
erties of the CdTe films. 
X-ray diffraction spectra of the annealed (400 “C/15 
min.) CdS film displayed the peaks from the planes (002) 
and ( 103). The films had hexagonal crystal structure. X- 
ray diffraction patterns of the CdTe films had a cubic struc- 
ture with a lattice constant of 6.6 A. X-ray diffraction 
patterns of the films (as-deposited and annealed) deposited 
from 0.5M and 1.5M Cd’+ bath solutions gave only the 
peaks from ( 111) plane. The considerable variation of in- 
tensities and half widths of the diffraction peak ( 111) of 
diferent films deposited at different QRPs and Te concen- 
trations were due to the variation of crystallinity and grain 
sizes of the films. Figures 2(a) and 2(b) are the diffraction 
patterns of the CdTe films deposited at 0.5M Cd2+/30 
ppm Te/+ 50 mV QRP and 1.5M Cd2+/60 ppm Te/+ 50 
mV QRP, respectively. Only strong diffraction peaks from 
( 111) plane were observed indicated the films were ori- 
ented along the ( 111) direction. Solar cells made with 
those films had the efficiencies of 4.8%-5.6% and 5.5%- 
6.8%, respectively, though earlier workers were able to 
fabricate over 9% efficient CdSKdTe cells’4 and over 10% 
efficient CdS/EIg,&li-,Te cells” from 0.5M Cd2+ bath 
solution with 2045 ppm of Te concentration. Their higher 
values of efficiencies were probably due to the difference of 
the deposition conditions which were optimized by con- 
trolling stirring rate, bath geometry, etc. 
X-ray diffraction patterns of the as-deposited films 
0 L.----J . -...u 
0 20 40 60 80 100 
O.R.P./mV 
FIG. 1. Variation of solar cell efficiencies upon CdTe electrodeposition 
with variation of Cd’+, HTeO: concentrations and quasi-rest potentials. 
(a) 0.5M Cd*+ bath solution with 20, 30, and 40 ppm of Te. (b) 1.5M 
Cd’+ bath solution with 40, 60, 75, and 90 ppm of Te. (c) 2.5M Cd’+ 
bath solution with 60, 95, and 116 ppm of Te. 
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from 2.5M Cd’+ solution showed a strong peak corre- 
sponding to ( 111) plane and weak peaks reflected from 
(220) and (3 11) planes even when the deposition condi- 
tion varied considerably ( =!=20 ppm of Te and *20 mV 
QRP) from the relatively best deposition condition as men- 
tioned in Sec. III A. Figure 2 (c) shows the XRD patterns 
of the film deposited from 2.5M Cd2+ solution with 116 
ppm of Te and -1-20 mV QRP. This deposition condition 
was relatively the best condition to achieve good efficient 
(9.0%-l 1.5%) solar cells. Upon annealing the intensities 
of all peaks ( 111)) (220)) and (3 11) increased consider- 
ably with an appearance of an extra 440 peak. This film 
deposited from 2.5M Cd2+ solution was more crystalline 
upon annealing and showed better structural quality than 
those deposited from 0.5M and 1.5M Cd2+ bath solutions. 
Figures 3 (a), 3 (b), and 3 (c) show the electron micro- 
graphs of the glass/ITO/CdS/CdTe structures of which 
CdTe films were deposited at 0.5M Cd2+/30 ppm Te/+ 50 
mV QRP, 1.5M C!d2+/60 ppm Te/+50 mV QRP and 
2.5M Cd2+/116 ppm Te/+20 mV QRP respectively. The 
CdTe deposits of Figs. 3 (a) and 3 (b) had smaller grains 
and more voids than the CdTe deposit of Fig. 3 (c) which 
was more compact and had less grain boundaries. 
D. Current-voltage characterization and frequency 
dispersion of capacitance 
Figure 4 shows the current-voltage characteristics of 
four representative cells A, B, C, and D of which CdTe 
I-. 4 
-z 
g .3 
..- Lm’ 
52 
iz 
FIG. 2. X-ray diffraction patterns of CdTe deposits (as-deposited an  
annealed) grown at different conditions. (a) Film deposited at + 50 mV 
QRP with 0.5M Cd+* bath solution with 30 ppm of Te. (b) Film depos- 
ited at +50 mV QRP with 1.5M Cd +* bath solution with 60 ppm of Te. 
(c) Film deposited at +20 mV QRP with 2.5M Cdt2 bath solution with 
116 ppm of Te. 
films were deposited at different conditions with 0.5M 
Cd2”/30 ppm Te/+ 50 mV QRP (cell A), 1.5M Cd2+/60 
ppm Te/+50 mV QRP (cell B) and 2.5M Cd2+/116 ppm 
Te/+20 mV QRP (cells C and 0). We have also noticed 
that even with the same deposition condition by control- 
ling QRP and cadmium and tellurium concentrations the 
efficiencies of some cells were widely different from others. 
At 2.5M Cd2+/116 ppm Te/-t20 mV QRP deposition 
condition the efficiency of about 10% cells of each set of 
deposition were between 10.2% and 11.5% whereas about 
75% cells were 9.6%-10.2% efficient. The wide variation 
of efficiency is probably due to the unintentional variation 
of deposition condition due to the nonuniform flow of the 
bath solution across the substrate as the flow of the liquid 
was controlled by a simple teflon covered stirring cylinder 
at the bottom of the bath only. Both cells A and B had low 
V,, (A: 512 mV, B: 625 mV), J,, (A: 21.5 mA/cm2, B: 21.2 
mA/cm2), and FF (A: 0.45, B: 0.46) relative to the cell C 
(V,, 695 mV, J,, 25.6 mA/cm2, and FF 0.54) and cell D 
(I’,, 745 mV, J,, 24.5 mA/cm2, and FF 0.63). Figure 5 
shows the log J-U curves of cells A, B, C, and D. The cells 
C and D with more crystalline CdTe deposit relative to 
those of cells A and B had low Jo values of 2.8 and 2.0 
nA/cm2 respectively while those for cells A and B were as 
high as 400 and 100 nA/cm2, respectively. The high values 
of Jo of cells A and B were believed to be due to the high 
recombination and defects from the CdTe deposits of 
structural imperfection. 
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Figure 6 shows the frequency dispersion of capacitance 
of cells A, B, C, and D. Cells A and B had the higher 
frequency dispersion of capacitance relative to cells C and 
D. At lower frequency more deep levels were able to re- 
spond to the ac signal thus generating a larger capacitance. 
The cell associated with wide range of energy levels and 
10 T 
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FIG. 4. (Current-density .7)-(voltage u) characteristics under 1000 
W m-a solar simulator for four representative cells A, B, C, and D with 
solar cell efficiencies of X0%, 6.1%, 9.7%, and 11.5%, respectively. Cell 
A: CdTe deposited at 0.5M Cd’+/30 ppm Te/+50 mV QRP. Cell B: 
CdTe deposited at 1.5M Cd’+/60 ppm Te/+ 50 mV QRP. Cells C and D: 
CdTe deposited at 2.5M Cd’+/1 16 ppm Te/+ZO mV QRP. 
FIG. 3. Scanning electron micrographs of the glass/ITO/CdS/CdTe 
structures of which CdTe films were deposited at different conditions as 
(a) 0.5M Cd+2/30 ppm Te/+50 mV QRP, (b) 1.5M Cd+2/6O ppm 
Te/+50 mV QRP, and (c) 2.5M Cd+2/116 ppm of Te/+20 mV QRF’. 
time constants show the high value of capacitance at low 
frequency. The total number of states due to depletion and 
interface can be measured from the measured capacitance 
at lower frequency whereas the capacitance at higher fre- 
quency is associated with the depletion only. The number 
of interface states can be calculated from the measured 
capacitances at low and high frequencies by using the re- 
lation” 
n- I 
E ‘J 
2 .J 
x -.I 
‘h!OLTAGE ,q 
FIG. 5. log (current density J)-(voltage U) characteristics in dark for 
cells A, B. C, and D of Fig. 4. 
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FIG. 6. Frequency dispersion of capacitance in dark at zero volt bias for 
the calls A, B, C, and D of Fig. 4. 
%S= (CLF-CHF)/q, (2) 
where Nr, is the total number of interface states, CL, and 
CnF are the measured capacitances at lower ( - 10 Hz) 
and higher ( - lo5 Hz) frequencies, respectively, and q is 
the electronic charge. 
The number of interface states of cells A, B, C, and D 
as calculated by using Eq. (2) were 1.4X lo”, 1.4~ lo”, 
3.2~ 10’4 and 2.0~ 10” crne2 eV-‘, respectively. The one 
order high value of interface states relative to cells C and D 
was due to the poor interfaces of cells A and B being fab- 
ricated with CdTe of less crystalline and large grain bound- 
aries. Also the large number of interface states were re- 
sponsible for lowering the open circuit voltages ( V,,) of 
cells A and B. 
With negative bias the frequency dispersion was con- 
siderably less thus indicating less band-gap states further 
from the junction. At - 1.6 V bias the total number of 
depletion and interface states of cells C and D decreased to 
1.3X 10” and 1.0X 10” cms2 eV-‘, respectively. When 
illuminated with light up to 35 mW/cm2 the capacitance 
particularly at lower frequency ( - 10 Hz) increased rap- 
idly with power due to the excitation of band-gap states 
responding to the ac signal. The number of interface states 
with zero volt bias of cells C and D at 0.7 mW/cm2 light 
bias were 5.4X10” and 4.2~ 10” cmB2 eV-‘, respec- 
tively, whereas at 35 mW/cm2 light bias were 6.1 x 1012 
and 5.3 x lOi cm2 eV- ‘, respectively. Capacitance mea- 
surements with light bias for cells A and B were not pos- 
sible because of the high leakage under illumination. 
IV. CONCLUSION 
Thin-film cadmium sulphide (CdS) and cadmium tel- 
luride (CdTe) films have been electrodeposited for the fab- 
rication of n-CdS/p-CdTe solar cells. CdTe films were elec- 
trodeposited in different growth conditions which were 
controlled by varying cadmium and tellurium concentra- 
tions and quasi-rest potential (QRP) of the deposit. CdS 
4945 J. Appl. Phys., Vol. 72, No. 10, 15 November 1992 
films were electrodeposited at the same growth condition 
for all the cells studied here. The efficient cells have com- 
pact and crystalline CdTe deposits. The reduction of open 
circuit voltages of poor cells prepared under different 
growth conditions were due to the increased number of 
interface states which were related to the increased number 
of grain boundaries and less crystalline CdTe deposits. 
Electrical and capacitance measurements indicates that the 
interband and interface states increased with crystal imper- 
fection. 
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